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ABSTRACT The Green's function technique is applied to a study of breathing modes in a DNA double helix which contains a
region of different base pairs from the rest of the double helix. The calculation is performed on an alternating poly(dC -
dG) * poly(dC - dG) helix in the B conformation with four consecutive base pairs replaced by a model of a biological
promoter region with four alternating T-A,A-T base pairs, henceforth referred to as (TATA)2. The average stretch of
interbase hydrogen bonds is found to be amplified around the insert. This is likely related to the (TATA)2 insert having a lower
stability against hydrogen bond melting than the two semi-infinite poly(dC-dG) * poly(dC-dG) helices. The insert region may
be considered to be a site of enhanced tendency to melt in such a helix. The results show that an alternating AT insert of four
base pairs has a larger average hydrogen bond stretch inside and outside the insert region than the average hydrogen bond
stretch inside and outside an insert of four consecutive A-T base pairs, henceforth referred to as (AAAA) * (TTTT).
Calculations are performed which show that the enhancement of the average hydrogen bond stretch around an alternating
TA type insert is greatly dependent upon the local modes and not the inband modes. The amount of local mode enhanced
average stretch is explored as a function of insert size.
INTRODUCTION
A Green's function technique has been developed to study
the vibrational properties ofDNA polymers and has been
applied to several examples of DNA double helix. These
include a G-C helix with four consecutive base pairs
replaced by A-T (1), a junction of AT/GC helices (2), a
terminus of a DNA homopolymer (3), a junction ofDNA
double helix and single strands (4), and a defect-mediated
melting of DNA homopolymers (5). In these examples,
the alterations in interactions between atoms from those
of the perfect helix are treated as defects.
The presence of such defects breaks the helical symme-
try thereby making the description of the normal modes
much more difficult. However, for situations of interest,
such defects usually exist in a finite region of the polymer
and involve a relatively small number of atoms. The
problem is then conveniently solved by the Green's
function technique. A variety of realistic DNA molecules
can be treated using this technique, including those with
structural disorder, such as terminal regions, irregular
base pair sequences, and various linking arrangements
involving DNA double helices or single strands which
occur during DNA replication, recombination, RNA
transcription, and other biological processes. Those de-
fects are believed to play an important role in the melting
of the DNA double helix.
It has been found that localized modes can exist around
defects in DNA polymers. These can enhance the vibra-
tional fluctuations in the hydrogen bonds which link the
two complimentary strands of the DNA double helix.
This enhanced stretch can in turn initiate melting of the
DNA double helix around the defects (1-5). It is also
found experimentally that the stability of a portion of
DNA helix can be influenced by the nucleotide sequence
of adjacent regions (6, 7, 10). Hence, alterations in the
nucleotide sequence in regions adjacent to an actual
DNA-protein interaction site could influence the recogni-
tion of that site, particularly if the frequency of a
breathing mode is important for protein binding. It is also
believed that an A-T rich region should melt at lower
temperatures than a G-C rich region in a double helix
with mixed base pairs (8, 9). This could lead to an initia-
tion of melting from that site. Furthermore, poly(dT -
dA) * poly(dT - dA) melts at a lower temperature
than poly(dA) * poly(dT) (12). Promoter sequence's with
(TATA)2 inside the sequence have been seen to be
conserved in many DNA promoter regions 10 base pairs
before the genetic initiation codon (1 1). Because the four
alternating T-A,A-T base pairs have the sequence
(TATA)2 and have been seen near promoter regions, four
alternating T-A,A-T base pairs could offer a potential
melting promoter site.
In the present paper, we apply the Green's function
technique to study vibrational properties of a DNA
double helix which has a finite region containing base
pairs different from the rest of the helix. Breathing modes
of the hydrogen bonds are of particular interest. The
Green's function method is used to study the thermal
fluctuation in the average hydrogen bond stretch. The
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calculation is carried out for a DNA double helix in the B
conformation which has two consecutive alternating
T-A,A-T base pairs in the middle and alternating C-G,G-C
base pairs for the rest of the helix. This is equivalent to
inserting a section of poly(dT - dA) * poly(dT - dA)
double helix into a poly(dC - dG) * poly(dC - dG) dou-
ble helix. Hydrogen bond thermal fluctuations in the
(TATA)2 base pairs and in the two semi-infinite poly(dC -
dG) * poly(dC - dG) strands a couple of base pairs away
from the (TATA)2 insert are examined and compared
with those of poly(dT - dA) * poly(dT - dA) and
poly(dC - dG) * poly(dC - dG) in the same conforma-
tion. Finally, the Green's function method is used selec-
tively to determine if the size of the insert effects the
average hydrogen bond stretch.
FORMALISM
We construct the altered helix system starting with a
perfect double helix poly(dC - dG) * poly(dC - dG) and
perfect double helix poly(dT - dA) * poly(dT - dA).
We cut the perfect helices by setting the force constants
linking the atoms across cell boundaries to zero at two
planes in each perfect helix two cells, or four base pairs,
apart. We then add corresponding forces to connect the
finite (TATA)2 section to the two semi-infinite poly(dC -
dG) * poly(dC - dG) strands as shown in Fig. 1. We
choose to cut the 05-C5 bond so that the number of
valence forces involved is a minimum.
The unperturbed helix system, consisting of two infinite
double helices is described by the eigenvalue problem
(F -W21)q = 0, (1)
where F is the force constant matrix, I is a unitary matrix,
w and q are eigenvalues and eigenvectors in the mass
GCGCGC GCGC GCGCGCCGCGCG CGCG CGCGCG
ATATAT ATAT ATATATTATATA TATA TATATA
.4~~~~~~GCGCGC ATAT GCGCGC
CGCGCG TATA CGCGCG
weighted Cartesian (MWC) coordinates. Because there is
no interaction before linking between the infinite helix
and the finite section, the force constant matrix F has a
block diagonal form and Eq. 1 can be written as two
separate equations,
[Fpoly(dCG) - (COpoly(dCG))2I]qpoly(dCG) = 0
and
[Fpoly(dTA) - (Apoly(dTA))2I]qpoly(dTA) = 0.
(2)
(3)
Here Eq. 2 describes the infinite double helix poly(dC -
dG) * poly(dC - dG) and is solved in the usual way by
utilizing the helical symmetry. Likewise, Eq. 3 describes
the infinite double helix poly(dT - dA) * poly(dT - dA)
and is solved in the same way. Generalized forces were
used in determining the F inside the unit cell and for the
long range forces (15). The helicies have a C2 symmetry
about the x-axis (which is out of the page in Fig. 1). The
C2 symmetry can be used to reduce the computation time
of Eq. 2 and Eq. 3 (13).
The perturbed helix system is described by a similar
eigenvalue equation
(F wI- C)q = 0, (4)
where F is the force constant matrix for the unperturbed
system. w and q are the new eigenvalues and eigenvectors.
The perturbation matrix, C, is the change in F necessary
to bring about the severing of the infinite helix and the
joining of the two semi-infinite poly(dC - dG) -
poly(dC - dG) strands created, to the finite (TATA)2
section. The perturbation breaks the helical symmetry
and normal mode solutions are much more difficult to
calculate. However, because C is a matrix of relatively
low dimensionality, Eq. 4 can be solved in terms of the
Green's function of the unperturbed system.
The Green's functions for the unperturbed and the
perturbed systems are defined as
g = (W21 -F)-
and
G = (W21 - F + C)-',
respectively. They are related by the following Dyson
equation (14),
-3 -2 -1 0 1
FIGURE 1 The altered double helix is constructed by cutting the perfect
helices poly(dC - dG) * poly(dC - dG) and poly(dT - dA) -
poly(dT - dA), and joining (TATA)2 base pairs inbetween two
semi-infinite poly(dC - dG) * poly(dC - dG) strands. The arrows
point in the 5' to 3' direction. The numbers at the bottom are unit cell
numbers used to identify base pairs in the DNA insert polymer.
(5)
and where
T = C(1 - gC-Y.
In what follows we have to distinguish between two
types of vibrations associated with the defect or local
changes (our C matrix) made in the force constant
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matrix. The altered system can have vibrations at new
frequencies, i.e., frequencies that were in a band gap in
the perfect system with C = 0. These new frequencies are
confined to regions near the defect, i.e., base pairs where
the changes are made. Their vibrational amplitude falls
off exponentially into the unperturbed helix. These modes
are called local modes, localized largely to the vicinity of
the defect. Other vibrational modes at the defect are at
frequencies where vibrational bands exist even in the
perfect helices, i.e., with C = 0. These modes are not
localized in the same sense. They are called inband modes
as when an oscillation is started at the defect, the
vibrations will excite vibrations in the rest of the helix.
Energy of this frequency can propagate through the
systems bands. The inband modes may have larger
amplitudes near the defect but are connected to vibrations
throughout the system. On the other hand a local mode
vibration exists only in the vicinity of the defect.
We are interested in the breathing modes which are
relatively low frequency ( 85 cm-l) vibrations character-
ized by a large average stretch in the hydrogen bonds and
presumed to play a significant role in DNA melting. A
melting coordinate, s, is defined as the average hydrogen
bond stretch amplitude. A thermal mean-square displace-
ment amplitude for the melting coordinate in cell m is
then obtained from (5, 15-17)
D(m) = (s2) = Dm(w) dc + Dm, (6)
where
-y() IM [GMM(w2)J coth
7r Ss ~~ 2KT/
and
(7)
(8)h= M*chwADm=
-w,
sm s1. coth 2h-
which represent the contribution to the hydrogen bond
fluctuation from an inband mode of frequency w and a
localized mode of frequency w,, respectively. In Eqs. 7
and 8, T is the temperature. A temperature of 300 K is
used in this particular calculation. The normalized aver-
age hydrogen bond stretch in cell m associated with the
Kth localized mode, sm is given by
m
= gSjCism (9)
where sJ, is the jth internal coordinate which is directly
effected by a perturbation between cell n and cell n + 1.
Eqs. 6-9 are written in the internal coordinates where the
dimension of the perturbation matrix C is the total
number of forces involved by the cutting and joining,
which is usually smaller than the total number of Carte-
sian coordinates involved. In the internal coordinates, C is
a diagonal matrix and its elements are the same in
magnitude as the force constants involved in constructing
the helix. The negative of the force constant is used to cut
a particular bond and a positive force constant, not
previously there, is added to create a new connection
between particular atoms. Geometrical factors are in-
volved in the actual magnitude of the added and sub-
tracted force constants. The Green's function for the
unperturbed system can be written in terms of the
solution of the eigenvalue equation (14). In the internal
coordinates,
gmnl(w2) 1 Re[s''(O)sj"*(O)ei(m - n)B]
ij
~ 2 2(O) (10)
where sX(O), normalized within a unit cell, is the eigenvec-
tor belonging to the eigenvalue w(O0) for a phase angle 0
in the internal coordinates. Eq. 10 represents the contribu-
tions from all of the vibrational modes of the two
semi-infinite poly(dC - dG) * poly(dC - dG) strands
and the (TATA)2 insert of the helix. Special care was
taken to keep the C2 symmetry about the middle of the
insert when the internal coordinates were calculated.
If w lies within one or more phonon dispersion branches
of the perfect helix then the perfect helix Green's function
involves an integration over one or more singularities.
This difficulty may be circumvented by moving this pole
off the real axis by giving w a small imaginary part i/r.
Physically, this corresponds to an exponential decay of the
normal modes caused by, for example, anharmonic inter-
actions causing loss of energy to nearby modes or by
dissipative forces such that the molecule would feel in a
solution environment. We replace w2 by
(W + irT)2 =-2 + 2iwl/r h/T2
Pt (2 + ET
for small 1/r. The use of co2 above in Eq. 10 follows that
shown by Feng and Prohofsky (1).
As stated earlier, to reduce the size of the matrix C and
thus the computing time, the long-range Coulomb and
Van der Waals interactions are replaced by a set of
effective forces (2, 15) which produce equivalent poten-
tial energies and a similar spectrum for each DNA
homopolymer as those obtained using our more exact
model of the long range forces. To emphasize the effects
on the breathing modes due to the different base pairs, we
used the same set of effective forces for the unperturbed
system, (Eq. 1), so that any effect introduced by replacing
the Coulomb and Van der Waals forces with effective
forces are excluded. In a previous investigation (2), tilting
and torsion forces were found to be unimportant in such
calculations and they are neglected in the C matrix to
further reduce the computing time.
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RESULTS AND DISCUSSION
We carried out the calculation for an infinite DNA double
helix in the B conformation, which has a (TATA)2 insert
inbetween two semi-infinite poly(dC - dG) * poly(dC -
dG) strands. We have found that breathing modes exist
around 85 wave numbers in both copolymers which is
found accessible by FTIR and Raman techniques (18, 19).
We scanned through the entire spectra of both poly(dT -
dA) * poly(dT - dA) and poly(dC - dG) * poly(dC -
dG) and found that the average hydrogen bond stretch
amplitude is significant only for a few branches of the
perfect helix dispersion curves between 60 cm-' and 140
cm-'. Nevertheless, we calculated the average hydrogen
bond stretch between 0 and 152 cm-'. The dispersion
curves for the frequency range of interest are shown in
Fig. 2 and Fig. 3, where Fig. 2 is the phonon dispersion
curves of poly(dC - dG) * poly(dC - dG), and Fig. 3
is the phonon dispersion curves of poly(dT - dA) -
poly(dT - dA). The dispersion curves are different from
those given in reference 2 because the DNA sequences are
unique and the torsions for backbone atoms at the cuts
and tiltings between bases in adjacent cells are neglected
in the present calculation.
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FIGURE 3 Phonon dispersion curves of poly(dT - dA) * poly(dT -
dA) from 60 to 150 cm-'.
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First, the thermal mean-square amplitude of the aver-
age stretch in hydrogen bonds is estimated from Eqs. 6-8
for the (TATA)2 base pairs and 10 base pairs of the
poly(dC - dG) * poly(dC - dG) semi-infinite strand
closest to the insert section on the right side of the insert.
The C2 symmetry about the axis in the middle of the
insert reduces the problem by making the both sides of the
(TATA)2 insert equivalent. The results are shown in Fig.
4 for the right side of the insert. Here the asterisks
represents the total thermal fluctuation, the cross repre-
sents the contribution from inband modes, the solid
straight lines are the corresponding values for the intact
polymers poly(dT - dA) * poly(dT - dA) and poly(dC -
dG) * poly(dC - dG). Significant change in the hydrogen
bond fluctuation from that of the perfect helices is ob-
served in the (TATA)2 base pairs and in a few base pairs
of the semi-infinite poly(dC - dG) * poly(dC - dG)
closest to the (TATA)2 insert. The hydrogen bond fluctu-
ation is increased by a factor of 2.5 around the insert
compared with that of poly(dC - dG) * poly(dC - dG).
This indicates that the existence of a (TATA)2 insert in
two semi-infinite poly(dC - dG) * poly(dC - dG) heli-
ces should reduce the stability of the base pairs near the
insert. The hydrogen bonds in the (TATA)2 insert or the
base pairs of the two semi-infinite poly(dC - dG) -
poly(dC - dG) closest to the (TATA)2 section may break
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FIGURE 2 Phonon dispersion curves of poly(dC - dG) * poly(dC -
dG) from 60 to 150 cm-'. The dashed lines appear to cross but they do
not.
nn
440 Biophysical Journal Volume 58 August 1990
u.un'I,
0.0o
03016
A
(n
x
Cl)
v
0..008
o.004
A T GC G C G C C C
T A C G CS-G C G C G C G
BeSE-PnIR
FIGURE 4 Thermal mean-square displacement amplitude D for the
melting coordinate is shown with * and without + the local mode
contribution. The solid lines are corresponding values for poly(dC -
dG) * poly(dC - dG) and poly(dT - dA) * poly(dT - dA). All results
forD are in Angstroms squared.
first as temperature increases and thus initiate melting of
the double helix. We would expect the T-A hydrogen
bonds closest to the edge of the insert to melt first, or all
the hydrogen bonds in the insert would melt together
before the hydrogen bonds in the two semi-infinite
poly(dC - dG) * poly(dC - dG) helices melt.
The dynamics of the base pair separation operates on at
least three time scales. Electron motion is the fastest
motion and the second fastest motion is associated with
the motion of the light hydrogen atom between the
heavier atoms making up the hydrogen bond. The slower
motions are associated with the motion of the bases
relative to each other. The slow motion of the heavy base
pairs across the greater hydrogen bond is the breathing
motion that can lead to permanent separation of the
hydrogen bond. We are studying the actual self consistent
melting of (TATA)2 inserts and will be able to tell when
the amplitudes of hydrogen bond stretch become impor-
tant.
One can see that some intensity in s is diminished over
that of the perfect poly(dT - dA) * poly(dT - dA) and
poly(dC - dG) poly(dC - dG) polymers from the
inband modes around the insert. This is due to the fact
that breathing modes of poly(dT - dA) * poly(dT - dA)
and breathing modes of poly(dC - dG) * poly(dC - dG)
usually exist in different frequency regions. For example,
the average hydrogen bond stretch is largest for disper-
sion branches in between band 25 at 59.15 cm-' and band
32 at 83.99 cm-' for poly(dT -dA) * poly(dT - dA)
whereas the modes with the same characteristics are
branches at band 36 at 94.49 cm-' to 105.91 cm-' and in
between bands 39 at 117.75 cm-' to band 40 at 124.06
cm-1 in poly(dC - dG) - poly(dC - dG). In a region
where breathing modes of poly(dC - dG) - poly(dC -
dG) exist, the average hydrogen bond stretch is enhanced
for the (TATA)2 insert base pairs and reduced in a few
base pairs in the two semi-infinite poly(dC - dG) -
poly(dC - dG) which are close to the insert. The enhance-
ment in the insert base pairs is usually unimportant
because it is still much smaller than the contribution from
the regions where breathing modes of poly(dT - dA) -
poly(dT - dA) exist. However, the decrease in the base
pairs of the semi-infinite poly(dC - dG) * poly(dC -
dG) is appreciable because the average hydrogen bond
stretch for the base pairs in semi-infinite poly(dC - dG) -
poly(dC - dG) is essentially determined by such breath-
ing mode branches. Similarly, in a region where breathing
modes of poly(dT - dA) * poly(dT - dA) exist, the
average hydrogen bond stretch is appreciably reduced in
(TATA)2 base pairs whereas it is slightly increased in a
few base pairs in the semi-inifinite poly(dC - dG) -
poly(dC - dG) near the (TATA)2 insert. As a result, the
(TATA)2 section is stabilized by the two semi-infinite
poly(dC - dG) - poly(dC - dG) helices and vice versa.
Similar results have been observed in a junction of
AT/GC double helix (2) and in a (AAAA) - (TTTT)
insert inside two semi-infinite poly(dG) - poly(dC) strands
(1).
Comparing this work with the earlier work (1) for a
(AAAA) * (TTTT) inside two semi-infinite poly(dG) -
poly(dC) strands we see that the average hydrogen bond
stretch in a (TATA)2 insert inside two strands is larger
inside and outside the insert region than the average
hydrogen bond stretch inside and outside the insert region
for (AAAA) - (TTTT) inserted into two semi-infinite
poly(dG) * poly(dC) helices (1). Because both the inserts
and the semi-infinite helices are different it is not possible
to assign differences in behavior safely to the change in
the insert without further investigations. Fig. 4 shows that
the base pair inside the insert region nearest the insert
edge has increased its average hydrogen bond stretch by
-25% with the local mode contribution included over the
perfect helix average hydrogen bond stretch. The other
base pair inside the (TATA)2 insert had an average
hydrogen bond stretch that remained about the same as
for the perfect poly(dT - dA) - poly(dT - dA) helix.
There were seven local modes found in the first six band
gaps that overlapped poly(dT - dA) - poly(dT - dA)
and poly(dC - dG) - poly(dC - dG). The largest local
modes were found to be at 1 14.1 cm'l and at 117.5 cm-1.
Fig. 5 shows the local modes contribution to the hydrogen
bond stretch for the local modes 114.1 cm-' and 117.5
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FIGURE 5 The log of the contribution to the hydrogen bond squared
amplitude of the local mode at 114.1 cm-' is shown with + and the local
mode at 117.5 cm-' is shown with *. The dashed line represents the AT
CG junction. The stretch is in units of Angstroms squared.
cm-'. In the (AAAA) * (TTTT) insert, the average
hydrogen bond stretch, with the local mode contribution
included, showed that three of the four base pairs inside
the insert had an average hydrogen bond stretch which
was reduced by -25% when compared with the perfect
helix average hydrogen bond stretch. The other base pair
inside the insert had an average hydrogen bond stretch
that remained about the same as the perfect poly(dA) -
poly(dT) helix value. Outside the (TATA)2 insert the
average hydrogen bond stretch in the semi-infinite
poly(dC - dG) * poly(dC - dG) strands compared with
the average semi-infinite poly(dG) * poly(dC) strand hy-
drogen bond stretch outside of the (AAAA) * (TTTT)
insert is about the same. Although the (AAAA) v
(TTTT) and the (TATA)2 pair inserts were constructed
differently, the results seem to confirm the instability of
the alternating poly(dA - dT) * poly(dA - dT) copoly-
mer as seen by Awati and Prohofsky (12). They used
MSPA to properly predict that a poly(dA) * poly(dT)
polymer melts at a higher temperature than an alternat-
ing (dA - dT) * poly(dA - dT) copolymer. It would be
nice to see if the (AAAA) * (TTTT) insert also melts at a
higher temperature than a (TATA)2 insert, the informa-
tion thus far uncovered seems to point that way.
We would like to explore the role of the size of the insert
region. However, the calculation of the inband contribu-
tion in particular requires much machine time. In the four
base pair inserts studied so far (1) and the AT/GC
junction (2) a pattern has emerged. As described above
the inband contribution contributes much the same hydro-
TABLE 1 The bp column lists the base pairs In order
going from the Insert edge to the middle of the (TATA)2 Insert.
bp D DI D4 D6 D8
1 0.01765 0.02060 0.00798 0.01002 0.00687
2 0.01765 0.00122 0.00958 0.01078
3 0.01765 0.00709 0.00663
4 0.01765 - 0.00906
D is the perfect helix hydrogen bond stretch and the average hydrogen
bond stretches D2, D4, D6, and D8 are for inserts of two, four, six, and
eight base pairs. D is in units of Angstroms squared.
gen bond stretch as that found for the separated perfect
helices. The contribution is somewhat less but is some-
what predictable in its size as well as its dependence on
position.
We ran a calculation to test whether this would hold for
different sized inserts of two, six, and eight alternating
TA base pairs as well as the four alternating TA insert
discussed above. Table 1 and Table 2 shows the perfect
helix hydrogen bond stretch D, and the stretches D2, D4,
D6, and D8, where D2 stands for the inband average
hydrogen bond stretch of the insert polymer with two
alternating TA base pairs inside the insert and so forth for
D4, D6, and D8 for four, six, and eight base pair inserts.
The values inside the insert are in Table 1 and the values
outside the insert in the two semi-infinite poly(dC -
dG) * poly(dC - dG) strands are in Table 2. The fre-
quencies sampled in this calculation were 10, 23, 30, 40,
50, 60, 66, 70, 80, 90, 95, 100, 111, 120, and 144 inverse
cm l. In Table 1 the base pair column lists the base pairs
inside the insert in order from the insert edge until the
midpoint of the insert. Table 2 lists the base pairs of the
semi-infinite poly(dC - dG) * poly(dC - dG) strand in
order from the outside of the insert edge.
TABLE 2 The bp column lists the base pairs In order
golng away from the insert edge In the semi-infinite
poly(dC-dG) * poly(dc-dG) helical strands.
bp D D2 D4 D6 D8
1 0.00647 0.01413 0.00870 0.00641 0.00390
2 0.00647 0.00902 0.00676 0.00639 0.00633
3 0.00647 0.00805 0.00554 0.00530 0.00763
4 0.00647 0.01177 0.00897 0.00921 0.00940
5 0.00647 0.00694 0.00605 0.00599 0.00572
6 0.00647 0.00707 0.00502 0.00526 0.00545
7 0.00647 0.00597 0.00800 0.00760 0.00728
8 0.00647 0.00586 0.00790 0.00755 0.00668
9 0.00647 0.00859 0.00843 0.00832 0.00822
10 0.00647 0.00469 0.00469 0.00490 0.00581
D stands for the perfect helix hydrogen bond stretch and D2, D4, D6, and
D8 are for inserts of two, four, six, and eight base pairs. D is in units of
Angstroms squared.
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eight base pair insert. The AT CG junction is at the dashed line.
The average hydrogen bond stretch of the base pair just not included (as seen in Fig. 4). The average hydrogen
inside the insert for a two base pair insert is large when
compared with perfect helix hydrogen bond stretch D.
This may be due to the fact that the two base insert has
internal coordinates for both sides of the insert in one cell.
We believe that the total inband average hydrogen bond
stretch for a two base pair insert will still stay near the
perfect helix hydrogen bond stretch when local modes are
bond stretches found inside and outside of the insert
shown in Table 1 and Table 2, respectively, are almost
equal to the values shown in Fig. 4. In Table 2, D4, D6, and
D8 show a consistent oscillatory behavior after the third
base pair. This is to be expected because the inband modes
are dependent on the imaginary part of G and G is
proportional to el('-5)O. This is also shown in the AT/GC
Beger et al. Vibrational Fluctuations of Hydrogen Bonds
I
5
I
X
XXI~~~~~~~~
I
I
7 Ia
M M
I XI X * XfM
10-1
10-f.'
A
X~100U)
V
104~
10-flo ,
0g-
A
U)
x
U)
V
104
Vibrational Fluctuations of Hydrogen BondsBeger et al. 443
junction paper (2). In the factor ei(m-n)e m and n are cell
numbers. This factor makes the hydrogen bond stretches
of any individual w oscillate as the wave travels down the
helix. These oscillations will tend to cancel when the
integration is over 1,400 w's. Because D4, D6, and D8 show
this expected behavior, we believe it is justifiable to
presume that when D4, D6, and D8 are integrated over
1,400 w's as D4 was that the total inband average
hydrogen bond stretch for the six and eight base pair
inserts will be near and lower than the total perfect helix
hydrogen band stretch as seen in Fig. 4 for the (TATA)2
insert inside two semi-infinite poly(dC - dG) -
poly(dC - dG) helices. It seems that the inband contribu-
tion to hydrogen bond stretch is relatively unaffected by
details of the inserts except for the smallest insert of two
base pairs.
The principal differences in the hydrogen bond stretch
from that of the perfect helices is then due to local mode
contributions. Because the local modes occur only at a
small number of frequencies, the local mode contribution
can easily be calculated. It is much simpler to calculate
local mode hydrogen bond stretch than to calculate the
contribution from the inband modes.
Localized modes tend to enhance the hydrogen bond
fluctuation, most significantly at the junctions of the
(TATA)2 insert and the two semi-infinite poly(dC -
dG) * poly(dC - dG) helices. Figs. 6, a-d show the total
hydrogen bond stretch due to the local modes for an
alternating T-A,A-T insert of two, four, six, and eight
base pairs, respectively. The local mode contribution of
the six base pair insert is small and there were few local
modes as well. The four base pair insert had the most local
modes, but the eight base pair insert had the largest total
local mode contribution in the first six overlapping band
gaps of the perfect poly(dT - dA) * poly(dT - dA) and
poly(dC - dG) * poly(dC - dG) dispersions curves. It is
reasonable to expect the local modes for the two, six, and
eight base pair insert would increase the hydrogen bond
stretch around the insert edge as was seen in Fig. 4 for the
four base pair insert. One can see that the local mode
hydrogen bond fluctuation varies considerably depending
on the size of the insert region. The six base pair insert has
local mode contributions to hydrogen bond stretch about
an order of magnitude less than that for a two, four, or
eight base pair insert. If enhanced hydrogen bond instabil-
ity were the principal factor in effective promoter action,
a two, four, or eight base pair insert could be an effective
promoter site, a (TATATA)2 would not, as there would
be little enhanced hydrogen bond motion leading to
enhanced instability.
The average hydrogen bond stretch approaches that of
poly(dC - dG) * poly(dC - dG) at about two unit cells
or four base pairs from the (TATA)2 insert, indicating
that the (TATA)2 insert would not effect hydrogen
bond fluctuation in the semi-infinite poly(dC - dG) x
poly(dC - dG) helix far away from the insert. However,
a number of experimental observations suggest long range
effects (21, 22). Several factors which could give rise to
long range effects have not been included in this calcula-
tion. We have not explored distortions of the basic
structure. The junction regions may be displaced from B
conformation positions. Another element not included is
the synergistic interaction of two unique regions. A third
effect not currently included is the synergistic interaction
between sequence defects and selfconsistent force con-
stant softening. All of the above should be investigated for
long range effects because this calculation predicts no
long-range effects by a (TATA)2 insert inbetween two
semi-infinite poly(dC - dG) * poly(dC - dG) helices.
As pointed out before, the principal difference between
perfect polymer DNA and DNA with special inserts in
this calculation is in the appearance of localized modes at
particular frequencies. We predict such local modes at
114.1 and 117.5 cm-' for the (TATA)2 insert. These
modes should cause an increase in larger hydrogen bond
stretch at these frequencies which would cause increased
absorption and Raman scattering. It may be possible to
test for the occurrence of such localized modes by
detecting increased absorption or scattering at these
frequencies in systems with inserted (TATA)2 regions.
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